In 10 excised, cross-circulated, isovolumically beating dog left ventricles, we examined the effects of bigeminy, including, paired-pulse stimulation, on cardiac oxygen consumption (Vo2) and evaluated whether the Vo2 versus pressure-volume area (PVA) relation obtained from regularly beating hearts in our previous studies could account for the changes in Vo2 during bigeminies with various coupling intervals. The extrasystolic interval (ESI) was decreased in four steps from 300 msec (regular rhythm) to paired-pulse stimulation (<210 msec). 
P ostextrasystolic potentiation during bigeminies and paired-pulse stimulation increases myocardial contractile force and energy utilization.1-3 Recently, peak contractile forces in extrasystolic and postextrasystolic contractions were found to be expressed as a function of extrasystolic intervals (ESIs) and postextrasystolic intervals (PESIs).4,5 These forces were linearly correlated with the amount of intracellular calcium involved in the excitation-contraction coupling.6 However, cardiac oxygen consumption (Vo2) during bigeminies with various prematurities remains unknown.
Recently, we have found that the total mechanical energy generated by ventricular contraction can reason- Nozawa et 
Materials and Methods

Preparation
We used the excised cross-circulated dog heart preparation as described before.8 Briefly, two adult mongrel dogs (11-18 kg) were anesthetized with ketamine hydrochloride (5 mg/kg i.m.) followed by intravenous sodium pentobarbital (25 mg/kg) in each experiment. The dogs were heparinized (1,000 units/kg). Arterial and venous cross-circulation tubes were cannulated into the common carotid arteries and jugular vein in the larger dog (support). The smaller dog (heart donor) was thoracotomized under artificial ventilation. The arterial and venous cross-circulation tubes from the support dog were cannulated into the left subclavian artery and the right ventricle via the right atrium, respectively. Then, the heart was isolated from the systemic and pulmonary circulation by ligating the azygos vein, descending aorta, inferior and superior venae cavae, brachiocephalic artery, and bilateral pulmonary hili. Cross circulation was then started. Systemic hypotension due to allergic reaction under cross circulation was prevented with diphenhydramine hydrochloride (30- CLL unstressed volume greater than 50 ml was placed in the left ventricle, and its mouth was fixed at the mitral anulus. The cable of a miniature pressure gauge (model P-7, Konigsberg Instruments, Pasadena, Calif.), placed inside the apical end of the balloon, was pulled out of the ventricular apex through a stab incision. A balloon was connected to the same volume servo pump as described before,8 and the balloon and pump were primed with water. The servo pump controlled left ventricular volume precisely and measured it accurately. 10 Complete atrioventricular block was produced by an injection (0.1-0.3 ml) of 30% formaldehyde into the His bundle via the groove between the right atrium and the ascending aorta."1 The heart was paced at the ventricular apex. Left ventricular surface electrocardiogram was used to trigger the volume servo pump in synchrony with ventricular contraction and to determine the onset of contraction. The temperature of the heart was maintained between 350 and 370 C by warming the arterial cross-circulation tube coiled in a thermostat bath.
The systemic arterial blood pressure of the support dog served as the coronary perfusion pressure. The mean level of this pressure in all experiments was 70+12 mm Hg (mean±SD). It was relatively constant throughout each experiment and, when necessary, was corrected by transfusing blood collected from the heart donor dog, by infusing 10% dextran solution, or by giving phenylephrine (5-10 mg i.m.). The support dog was ventilated with room air, and arterial blood was occasionally sampled for measurements of pH, Po2, and Pco2 with a blood gas analyzer APVA, the small PVA bounded by a curvilinear end-systolic pressure-volume relation and a straight line connecting peak pressure to the ventricular volume at which peak isovolumic pressure is zero. PVA 10 20 VOLUME (ml) (model 939, AVL Scientific, Austria). Supplemental oxygen and intravenous sodium bicarbonate were given, when necessary, to maintain these parameters within their physiological ranges.
After the experiment, the left ventricle including the septum and the right ventricular free wall were weighed. The left ventricle weighed 69.3± 13.6 g, and the right ventricular free wall weighed 23 ) and DP-1 were measured as the difference between the end-diastolic pressure and the peak ventricular pressure, as shown in Figure  1 . Figure 2 also shows these DPs in the pressurevolume diagrams. DP-2 was measured by a new subtraction method with a signal processing computer (model 7T-18, NEC San-ei, Tokyo, Japan). We could not use the method of Bass12 because the extrasystolic contraction fused with the preceding postextrasystolic contraction during the steady-state bigeminies, including paired-pulse pacing. The time tracing of left ventricular pressure of a regular contraction (in Figure 1 , thin solid curves in panels B and C transcribed from panel A) was first enlarged along the pressure axis to reach left ventricular pressure of the postextrasystolic contraction (larger contraction) and then slightly elongated along the time axis to reach the point of maximum negative dP/dt (vertical chained Figures 1B and 1C show the enlarged and elongated pressure tracings. Because they were identical with the left ventricular pressure curves of potentiated contractions until the extrasystole began, the broken curves were seen only after the extrasystole began. We identified the maximum difference in pressure between the raw pressure tracing of the extrasystole and the broken curve as DP-2 ( Figures  1B and 1C) . Figure 1B shows a case at 230 msec ESI, and Figure 1C shows paired-pulse stimulation. In Figure 1C , DP-2 was obtained off the zero pressure level in the pressure-volume diagram because the preceding potentiated contraction had not yet completely been relaxed by the time of DP-2.
Emax
We used Em., as a global index of ventricular contractile state. 13 Ema, is derived from a time-varying elastance model and is relatively independent of loading conditions. '3,14 Ema,x of any isovolumic contraction was determined as the slope of the line connecting peak isovolumic (end-systolic) pressure to ventricular volume at which peak pressure was zero (V0) (see Figure 2 ).13 Because DP-2 at short ESIs (<230 msec), including paired-pulse stimulation, started from a positive pressure ( Figure 1C ), Emax was obtained as the ratio of DP-2 to ventricular volume above V0 of extrasystolic contraction (V0-2) (see Figure 2 ). Because the peak pressure of the extrasystolic contraction at paired-pulse stimulation could not easily be identified in the pressure-volume diagram ( Figure 2C ), we assumed that VO-2 at pairedpulse stimulation was equal to that of the extrasystolic contraction at 230 or 250 msec ESI. V0 of postextrasystolic contraction (V0-1) was gradually decreased, and VO-2 was gradually increased as ESI became shorter from the regular 300-msec interval.
The average values of V0 at regular rhythm in all hearts were 7.1±0.3 ml (V0-1=V0-2), and those at paired-pulse stimulation were 6.5+±0.4 ml (Vo-1) and 8.2±0.6 ml (V0-2).
Tmax
The time from end diastole to end systole (Tma) of a regular rhythm or Tm,x of postextrasystolic contractions (Tmx-1) was measured as the time from the beginning of the R wave on the electrocardiogram to end systole, or peak isovolumic pressure. Tmax of an extrasystolic contraction (Tmax-2) was defined as the time from the beginning of the R wave to the time of DP-2.
PVA
PVA is the area circumscribed by the end-systolic pressure-volume (ESPVR) curve, the end-diastolic pressure-volume (EDPVR) curve, and the systolic segment of the pressure-volume trajectory.78 PVA is a measure of the total mechanical energy generated by each ventricular contraction.7 Since we studied only isovolumic contractions, external mechanical work was zero, and PVA consisted only of mechanical potential energy,7 as shown in Figure 1 . We determined PVA from ventricular pressure and volume data sampled on-line at a rate of 500 Hz by using the 7T-18 computer and the same algorithm as described in detail before.8 EDPVR was assumed to be a straight line connecting V0 and the bottom end of DP as shown in Figure 1 .
In the steady-state regular rhythm, PVAs of 10 consecutive contractions were calculated. During bigeminies, including paired-pulse stimulation, PVAs of five consecutive sets of alternate extrasystolic and postextrasystolic potentiated contractions were calculated. These PVA values were divided by five to obtain PVA per two consecutive stimuli.
V02
The total coronary flow was measured with an electromagnetic flowmeter (model MVF-2100, Nihon Kohden, Tokyo, Japan) by placing an in-line probe (model FF-050T, Nihon Kohden) in the venous cross-circulation tube, which continuously drained all venous blood from the right heart. We neglected the left ventricular thebesian venous blood flow because of its small fraction in the total coronary flow. Figure 2B ). It was slightly convex upward in postextrasystolic potentiated contractions with short ESIs (larger contractions in Figure 2B ) and paired-pulse stimulation ( Figure 2C ). We neglected the small area of PVA (APVA in Figure 148 Circulation Research Vol 67, No 2D), that is, the crescent-shaped area between the curvilinear ESPVR and the straight line connecting the peak end-systolic pressure to VO because of its small fraction (see "Discussion"). This neglect did not affect our conclusion in this study.
Volume Series
A typical example of the effects of ventricular bigeminies (including paired-pulse stimulation) on Vo2 (1+2), DP (1+2), Emax (1+2), and PVA (1+2) in small (12.0 ml: solid lines in Figure 3 ) and large (26.4 ml: broken lines in Figure 3 ) volume runs in one heart is shown by open circles in Figure 3 . The solid circles in Figure 3A show Figure  3 . The other hearts in this series showed similar responses of DP (1+2), Em,, (1+2), and PVA (1+2), as summarized in Table 1 . Average increases in DP (1+2), Emax (1+2), and PVA (1+2) at paired-pulse stimulation were 47+27%, 34+24%, and 63+31%, respectively, from the regular rhythm levels in the small volume run. These increases were statistically significant. However, they were not significant at paired-pulse stimulation in the large volume run.
Calcium Series A typical example in the calcium series in one heart at a small ventricular volume of 12.3 ml is shown by open circles in Figure 4 . The solid circles in Figure 4A show theoretical Vo2 values discussed later. The results in the precalcium control run were equivalent to those in the small volume run of the volume series described above. Vo2 (1+2) in the calcium run at regular rhythm increased by 40% from the precalcium control level. In both precalcium (solid lines in Figure 4 ) and calcium (broken lines in Figure 4 ) runs, Vo2 (1+2) at the long ESIs was unchanged and increased markedly at the short ESIs. The other hearts in this series showed similar responses of Vo2 (1+2), as summarized in Table 1 . An average increase in Vo2 (1+2) at paired-pulse stimulation was 28±12% in the precalcium control run and 19+10% in the calcium run from the regular rhythm level. These increases were statistically significant.
As shown in panels B-D of Figure 4 , DP (1 + 2), Emax (1+2), and PVA (1+2) at regular rhythm were doubled or more increased by calcium. DP (1+2), Em,,, (1+2), and PVA (1+2) at the long ESIs changed little but increased markedly at pairedpulse stimulation in the precalcium control run. In contrast, they were nearly constant at any of the ESIs in the calcium run although they slightly increased at paired-pulse stimulation. The other hearts in this series showed similar responses of DP (1+2), Emax (1+2), and PVA (1+2), as summarized in Table 1 . Average increases in DP (1+2), Em.a (1+2), and PVA (1 + 2) at paired-pulse stimulation were 51+25%, 34+20%, and 72±30%, respectively, from the regular rhythm levels in the precalcium control run. They were smaller (14+9%, 7+7%, and 25±11%, respectively) in the calcium run. Figure 5 . The solid circles in Figure 5A shown theoretical Vo2 values discussed later. The results in the preverapamil control run (solid lines in Figure 5 ) were equivalent to those in the large volume run (dashed lines in Figure 5 ) of the volume series described above. Vo2 Figures 3-5 ) in all runs. In all of the small volume, precalcium control, and verapamil runs, the theoretical Vo2s were nearly constant at the long ESIs and increased at the short ESIs in the same way as in the measured Vo2s. By contrast, the theoretical Vo2s were unchanged at any of the ESIs in the large volume run, calcium run, and preverapamil control run, despite the increases in the measured Vo2s at the short ESIs. There was a considerable discrepancy between the theoretical and measured Vo2s at paired-pulse stimulation. Figure 6 shows the mean values of both experimentally obtained Vo2s (open circles) and theoretically obtained Vo2s (exes) for the total Vo2 (T) and its two components (M, Vo2 for PVA; N, Vo2 for nonmechanical activity) in each of the six runs. Each experimental or theoretical Vo2 is expressed relative to the total Vo2 at regular rhythm (ESI of 300 msec) in each run. In any of the small volume, precalcium control, and verapamil runs, the theoretical Vo2s for PVA and nonmechanical activity are nearly constant between 300 msec (regular rhythm) and 250 msec of ESI, but they increase at the short ESIs, including paired-pulse stimulation. Therefore, the theoretical total Vo2 is unchanged at the long ESIs and increases at the short ESIs. These theoretical total Vo2s are on or very close to the measured Vo2s at any of the ESIs in these three runs, as shown in Figure 6 .
By contrast, in any of the large volume, calcium, and preverapamil control runs, the theoretical Vo2s for PVA and nonmechanical activity increase little even at the short ESIs; therefore, the theoretical total Vo2 is nearly constant at any of the ESIs. The measured Vo2 was constant at the long ESIs but increased at the short ESIs. Therefore, there is a considerable discrepanqy between the measured Vo2 and theoretical total Vo2 at the short ESIs in these three runs, as shown in Figure 6 . The wane of extrasystolic contraction with shortening of ESI and the wax of postextrasystolic contraction with lengthening in PESI observed in the present study are consistent with the results in earlier studies.45 However, whether the wax and the wane are mechanically and energetically reciprocal remained to be revealed. The present result (Table 1) shows that both DP (1+2) and Em., (1+2) in bigeminies at the long ESIs are not significantly different from those at regular rhythm in all runs of any series, although both DP and Em. of individual contractions decreased in extrasystolic contractions and increased reciprocally in postextrasystolic contractions. In other words, the average magnitudes of PVA, DP, and Emax are constant in bigeminies at the long ESIs. Therefore, this result suggests that the average magnitude of excitation-contraction coupling in bigeminies with the long ESIs is also constant. In our preliminary study, both Vo2 and PVA were unchanged at the long ESIs under the condition that the sum of the ESI and the PESI was 750 msec (600 msec in the present study). Therefore, we speculate that the present results could be generalized to bigeminies with different heart rates per minute.
In bigeminy with the short ESIs (.230 msec), the increases in both PVA (1+2) and Emax (1+2) in the small volume, precalcium control, and verapamil runs would reasonably indicate increases in average V02 components for both mechanical activity and calcium handling. In fact, Vo2 (1+2) increased as ESI was shortened to 230 msec or below. Intriguingly, however, V02 (1+2) in the other runs increased as ESI was shortened despite the almost constant PVA (1+2) and Emax (1+2). Therefore, the definite discrepancy occurred between the measured and theoretically obtained Vo2s with the short ESIs.
With respect to this intriguing discrepancy, the following factors must be discussed. First, ESPVR is not always linear.20 ESPVR is often convex upward in extremely high ventricular contractility at pairedpulse stimulation or postextrasystolic contraction in the calcium run, as shown in panels B and C of Figure 2 . Figure 2D schematically shows the ESPVR of Figure 2C ; the upward convex curve is the real ESPVR, and the straight line is the "ESPVR" that was simplified to calculate PVA in the present study. That is, the PVA that we calculated in the present study is underestimated by a crescent-shaped area (APVA in Figure 2D ) between the real curvilinear ESPVR and the linear line. This APVA was calculated using a digitizer. It Second, our subtraction method to obtain DP-2 at the short ESIs may underestimate the true DP and Ema,. Bass12 has shown in cat papillary muscle that peak tension of an extrasystole, which steadily declines with progressive prematurity, increases again when the tension rises during relaxation of the preceding regular contraction. In Bass's study, developed tension of partially fused extrasystolic contraction was obtained by subtracting the regular control contraction from the fused contraction. Our data did not show such a rebound of contractility of extrasystolic contraction at the shortest ESI, although we obtained DP of fused contraction by a new subtracting method somewhat resembling the method of Bass. The distinct difference of the results between the two studies may be attributable to the difference of the stimulation methods. That is, Bass's data were obtained by one extrasystolic stimulus intervening in a steady-state regular rhythm, whereas our data were obtained during steady-state bigeminies. Therefore, we cannot ascribe our discrepancy between the measured and theoretical Vo2s to a higher contractility of premature beat at the short ESIs.
Third, DP of a fused extrasystolic contraction with short ESIs might not linearly correlate with the amount of intracellular calcium, although peak contractile force of extrasystolic or postextrasystolic contraction was generally linearly correlated with the peak estimated intracellular calcium concentration in the aequorin work.6 Moreover, the pathway of activation might be altered at short ESIs, and this alteration might cause ventricular asynchrony and hence decrease ventricular contractility. 21, 22 This could cause the discrepancy between released calcium and DP. In fact, the electrocardiogram of extrasystolic contraction with short ESIs was somewhat different from that of long ESIs as shown in Figure 1 . Then, DP of extrasystole at short ESIs could not be as large as was expected. However, we could not evaluate with the contemporary knowledge how much the above mechanisms affected our present results. Moreover, if such mechanisms were responsible for the discrepancy between the measured and predicted Vo2s, the discrepancy must be expected in all series. Therefore, we speculated the following mechanism to explain our experimental results.
Ordinary working points of cardiac muscle are considered to be on a linear range of a transient force-calcium (intracellular calcium concentration) relation curve. This consideration is consistent with the recent study by Wier and Yue,6 in which peak developed tension correlated linearly with the peak calcium as measured by the calcium transient with aequorin. Both mechanical activity (PVA) and ventricular contractility (Emax) in an isovolumically beating heart are expected to increase with an increase in calcium,23,24 leading to increases in both Vo2 for mechanical activity (i.e., Vo2 for PVA) and Vo2 for calcium handling (i.e., Vo2 for Ema).8,9 This is consistent with our previous interpretation of the change in the Vo2-PVA relation with calcium.8 Similarly, the linear increase in Vo2s for both mechanical activity and calcium handling with calcium can account for the total Vo2 values obtained theoretically from both PVA and Emax as well as the experimentally obtained Vo2s in the small volume, precalcium control, and verapamil runs.
However, in analogy to the shift of the steady-state pCa-tension relation with length,2526 the transient force-calcium relation may also shift to the left with an increase in left ventricular volume according to the increased calcium sensitivity of myofibril with muscle length. Then, the working point at pairedpulse stimulation in the large volume run may fall on the force-saturating range of the transient forcecalcium relation. In the calcium run that was done at a small ventricular volume, the working points at paired-pulse stimulation may also be on the saturating range because of the increase in calcium caused by both increased extracellular calcium and pairedpulse stimulation. This situation probably means that the heart working on the saturating range requires more energy utilization for handling of the increased amount of intracellular calcium despite no more increase in tension. In other words, a heart working on the saturating range consumes more Vo2 for nonmechanical activity than the theoretical value calculated from experimentally obtained Em,=. Therefore, the discrepancy between the measured and theoretically obtained Vo2s occurs at the pairedpulse stimulation in the large volume run and the calcium run although the measured Vo2 is consistent with the theoretical Vo2 in the small volume run and the verapamil run. A similar situation has been reported in which myocardium treated with both caffeine and isoprenaline increased energy utilization although tension did not increase. 27 The force-calcium relation is also affected by changes in pH28 and myocardial ischemia.29'30 Acidosis decreases calcium sensitivity of myofibril and shifts the force-calcium relation to the right. In the present study, coronary venous pH was constant between regular rhythm and paired-pulse stimulation in any of the control, calcium, and verapamil series. This implies that the present results could be interpreted without the consideration of the effect of changes in pH on the force-calcium relation in each run. At paired-pulse stimulation in a large ventricular volume or during coronary artery infusion of CaCl2 as in the present study, in which oxygen demand and intramyocardial tension show an extreme increase due to increases in both mechanical and nonmechanical activities, we cannot completely deny the myocardial demand-induced ischemia.31 '32 In the present study, however, values of lactate extraction were always positive, and the extraction values at paired-pulse stimulation were almost equal to those at regular rhythm. Therefore, the present results could also be interpreted without consideration of myocardial ischemia. [31] [32] [33] In summary, we tested whether the Vo2-PVA relation could hold under bigeminies with various coupling intervals in the same way as in the regularly beating hearts. In most cases, except tight coupling intervals, the measured Vo2s were consistent with the predicted Vo2 values that were calculated by the previously obtained Vo2-PVA relation in regular contractions. Therefore, we conclude that the PVA concept holds in the irregularly beating heart.
